In Brief
Wisniewska et al. use echoes from prey targeted by wild harbor porpoises to study their foraging. They show that this small cold water predator lives on an energetic knife-edge, hunting small fish nearly continuously day and night with extreme capture rates. Such intense foraging may make this species especially vulnerable to human disturbance.
SUMMARY
The question of how individuals acquire and allocate resources to maximize fitness is central in evolutionary ecology. Basic information on prey selection, search effort, and capture rates are critical for understanding a predator's role in its ecosystem and for predicting its response to natural and anthropogenic disturbance. Yet, for most marine species, foraging interactions cannot be observed directly. The high costs of thermoregulation in water require that small marine mammals have elevated energy intakes compared to similar-sized terrestrial mammals [1] . The combination of high food requirements and their position at the apex of most marine food webs may make small marine mammals particularly vulnerable to changes within the ecosystem [2] [3] [4] , but the lack of detailed information about their foraging behavior often precludes an informed conservation effort. Here, we use high-resolution movement and prey echo recording tags on five wild harbor porpoises to examine foraging interactions in one of the most metabolically challenged cetacean species. We report that porpoises forage nearly continuously day and night, attempting to capture up to 550 small (3-10 cm) fish prey per hour with a remarkable prey capture success rate of >90%. Porpoises therefore target fish that are smaller than those of commercial interest, but must forage almost continually to meet their metabolic demands with such small prey, leaving little margin for compensation. Thus, for these ''aquatic shrews,'' even a moderate level of anthropogenic disturbance in the busy shallow waters they share with humans may have severe fitness consequences at individual and population levels.
RESULTS
The harbor porpoise (Phocoena phocoena), the smallest cetacean inhabiting cold temperate waters of the Northern Hemisphere, has been described as ''living life in the fast lane'' [5] . Compared to other toothed whales, it matures at an earlier age, reproduces more frequently, and has a shorter lifespan [5] . Its small size in cold water gives rise to a high relative heat loss and limits the amount of energy it can store with respect to its metabolic rate, making it sensitive to starvation [6, 7] . Harbor porpoises are therefore hypothesized to feed at high rates year-round, capturing up to 10% of their body weight in fish per day [6, 7] to support their metabolic requirements.
Porpoises, like other toothed whales, use echolocation to find, track, and intercept individual prey, producing distinctive lowlevel, rapid click sequences, termed buzzes, when closing on prey [8, 9] . The first deployments of sound-detecting tags on harbor porpoises assumed a stereotyped acoustic behavior during prey pursuits [9] and recorded low rates of possible feeding events, between 5 and 62 per day [10] . Although, the settings of the deployed tags likely led to an underestimation of the number of possible feeding events, the results suggest that these predators must target relatively large, energy-rich prey with high success rates to meet their predicted metabolic demands. This is inconsistent with the stomach contents of bycaught and stranded individuals [11] , which suggest a main food source comprising large numbers of relatively small fish prey, primarily <25 cm and frequently <5 cm in length. If porpoises do target large fish, the extent of their dietary overlap with commercial fisheries may be greater than hitherto assumed. Conversely, given that porpoises inhabit some of the most industrialized waters of the world's oceans, targeting very small prey at high rates would mean that even moderate behavioral disruptions induced by common anthropogenic stressors in their shallow water habitats (e.g., [12] ) could have immediate and serious consequences for their fitness.
To resolve these conflicting reports on porpoise feeding behavior, we investigated the foraging performance of five harbor porpoises using new high-resolution sound and movement recording digital tags (DTAGs) [13] . These suction cup attached loggers acquire continuous 16-bit stereo sound at 500 kHz/channel while also sampling seven channels of movement sensors at up to 625 Hz Table S1 , and Movie S1.
night. Click sound levels during buzzes were often very low (Figure 2B) , and the acoustic behavior leading up to buzzes was variable, likely explaining the low detection rate of feeding attempts in earlier acoustic tagging studies [10] . To evaluate prey capture success, we formed echograms of sound envelopes synchronized to outgoing clicks during buzzes (Figure 2) , thereby visualizing the self-generated auditory scenes experienced by porpoises during prey pursuit [8, 13] . Given the complexity of these scenes, we used trained assessors to judge whether prey were captured. Four evaluators were presented with figures containing the echogram, inter-click intervals, depth profile, and differential acceleration (i.e., jerk; [8, 14] ) (Figure 2 ; Movie S1). Evaluators looked for decreasing prey echo return times during buzzes accompanied by fast changes in acceleration indicative of a strike when the target was close [8, 14] and lack of prey echoes after the strike, interpreting these as successful captures (Supplemental Experimental Procedures). Based on 100 buzzes rated as success or fail per animal, the success rate of four porpoises was estimated at 0.91-0.97 (Figure 1) , with Cohen's kappa coefficient of inter-rater agreement of 0.49-0.91 (mean ± SD: 0.73 ± 0.11) (see Supplemental Experimental Procedures for details). Sliding of the suction cup attached tag on a fifth animal ( Figure 1C ) precluded reliable echogram evaluation. Prey echo traces frequently contained cyclic variations in echo level caused by the tail movements of escaping fish (Figures 2 and 3 ). Frequency analysis of these modulations (Figure 3 ; Supplemental Experimental Procedures) on 30 randomly selected echograms per individual showed that the porpoises were primarily targeting fish with maximum body lengths of 3-10 cm.
DISCUSSION
Despite the fundamental importance of foraging interactions for survival and fitness, fine-scale information on predation is scarce for many species in the wild and most particularly for aquatic animals. Advanced biologging tags have enabled studies of hunting in terrestrial (e.g., cheetahs [15] ) and marine (e.g., pilot showing the frequency (rate) of tail strokes. Each tail stroke requires two muscle contractions, so the 36-Hz stroke rate here implies a contraction time of 14 ms. As minimum contraction time (and therefore highest stroke rate) is a function of body length (BL) and water temperature, the maximum prey size can be deduced from the stroke rate in echograms, in this case BL < 5 cm. This is corroborated by the escape speed of the prey: assuming that the porpoise maintains its initial closing speed of 1.4 m/s throughout the chase, the prey must attain a similar speed at seconds 5.5 and 7.5 when the net speed is 0. This speed is consistent with a 5-cm fish stroking at 36 Hz with a stride of 0.8 BL. Inset in (C) shows the proportion of fish sizes targeted by the tagged porpoises as inferred from tailbeat rates in 30 randomly selected echograms per animal.
whales [16] ) predators, but it is rarely possible to obtain concurrent information about prey behavior. Here, we overcome this by using the echolocation signals produced by porpoises themselves to track prey, effectively tapping into the predators' own sensory system. The low ambient noise in the frequency range used by harbor porpoises coupled with click repetition rates of more than 500 per second during buzzes enable detailed visualizations of individual prey encounters (Figures 2 and 3) . Tagged porpoises foraged nearly continuously, targeting small prey with remarkably high capture success rates. Stomachs of adult harbor porpoises can accommodate up to 1.9 kg of food [17] , but the passage time of food through the digestive tract is short at about 140 min [2] , supporting the ultra-high intake rates measured here. Prey sizes of 3-10 cm estimated in this study from tailbeat echo modulations are in general smaller than prey found in stomach contents of bycaught individuals [17] . This discrepancy [11] could indicate a bias toward detecting remains of larger prey in stomach contents, diet shift of porpoises toward smaller prey in recent years, or differences in the study area. In either case, the consistently small fish targeted by the four porpoises with measurable echograms suggest that their diet has little overlap with commercial fisheries.
Very little is known about the foraging rates of small cetaceans, but compared to larger toothed whales, instrumented with similar tags, the high buzz rates documented here for porpoises are truly exceptional: on a daily basis, they are about an order of magnitude higher than those reported for sperm whales [18] , beaked whales [19] , and pilot whales [16] . These deep-diving species must allocate more time for transport between mesopelagic prey and the surface, but, even at the base of foraging dives, their capture attempts are far less frequent than those of porpoises. The disparity in feeding rates likely reflects bigger, and hence more energetic, prey items, being selected by the deep-diving species. However, porpoises must also require a higher energy intake per kilogram of body weight to meet their high mass-specific metabolic rate resulting from a low surface-to-volume ratio and consequential elevated heat loss per unit mass compared to toothed whales that are 10-700 times heavier [20] . Thus, porpoises seem to be compelled by their small body size, cold water habitat, and chosen prey size to hunt and capture thousands of fish per day.
Whether marine mammals in general have elevated metabolic rates compared to their terrestrial counterparts has been a topic of debate [21] . However, recent reviews convincingly support earlier predictions [1] that small marine mammals do have field metabolic rates 2-3 times higher than similar-sized terrestrial mammals [20] . With their high estimated daily energy expenditures, porpoises have been described as ''aquatic shrews'' [1] . Our results show that, like shrews, porpoises must feed nearly continuously to support their high metabolic demands, leaving very little margin to compensate for changes in their environment. Failure to acquire sufficient energy when operating on an energetic knife-edge may have rapid and severe fitness consequences, giving them low resilience to disturbance: individual porpoises have been reported to starve to death in less than a week [22] . The effects of frequent anthropogenic disturbance [12] and changes in the marine ecosystem [2] on the foraging efficiency of porpoises and other small marine mammals in cold water should therefore be of prime importance in future research. Hansen as well as all the helpful fishermen and the skilled pilot (U. Gosewinkel) involved in tag deployments and recoveries. P. Meyer, M. Dyndo, S. Videsen, and A.E.M. Schrøder are thanked for help with data processing. We thank T. Hurst at Woods Hole Oceanographic Institution for constructing some of the tags used in this study and R. Holst for help with the supplemental movie. We thank the referees for their constructive comments that helped improve the manuscript.
